Abstract The biosynthetic pathway responsible for the production of hyaluronic acid (HA) has been thoroughly studied; however, many aspects remain elusive regarding the mechanisms that control molecular weight (MW). Previously, we demonstrated a positive correlation between MW and the concentration of the HA precursor sugar UDP-N acetylglucosamine (UDP-GlcNAc). To further investigate the role of UDP-GlcNAc in MW control, we increased the intracellular concentration of this monomer using both feeding strategies and genetic engineering approaches. Feeding cells glucosamine dramatically increased intracellular levels of UDPGlcNAc, but unexpectedly, produced HA of a lower MW. This was subsequently attributed to an equally dramatic decrease in the level of the other HA precursor sugar UDPglucuronic acid (UDP-GlcUA). Feeding cells a mixture of glucose and GlcNAc addressed this imbalance of precursor sugars, leading to an increase in both UDP-GlcNAc and UDPGlcUA; however, no significant increase in MW was observed. Despite the increase in UDP-sugars, RNA sequencing identified no increase in the expression of the genes involved in production of HA. Returning to genetic engineering approaches to examine UDP-GlcNAc and MW, genes known to contribute to the production of UDP-GlcNAc were over-expressed, both individually and together. Using this approach, UDP-GlcNAc and MW increased. At lower levels of UDP-GlcNAc, the positive correlation between UDP-GlcNAc levels and MW was maintained, however this relationship stalled at higher concentrations of UDP-GlcNAc. Taken together, these results suggest that while optimising HA precursor levels using feeding or genetic engineering approaches can improve HA MW, there is a point at which excess availability of precursors is no longer advantageous. Once precursor concentrations are addressed, it would seem that other uncharacterised factor(s) (e.g. rate of HA synthesis) also contribute to HA MW control.
Introduction
Hyaluronic acid (HA) is a linear polymer of a repeating disaccharide of N acetylglucosamine (GlcNAc) and glucuronic acid (GlcUA) linked by alternating b-1,3 and b-1,4 glycosidic bonds. First discovered by Meyer and Palmer in bovine vitreous humour, HA is a ubiquitous component of skin and connective tissues [1] [2] [3] . Not surprisingly, HA is not immunogenic and this feature, combined with its distinct viscoelastic properties, has led to the development of numerous biomedical and cosmetic applications for HA, including applications in ophthalmic surgery [4] [5] [6] , drug delivery [7] [8] [9] , tissue engineering [10] [11] [12] and cosmetics [13, 14] . The quality of HA is determined by its molecular weight (MW), with high MW HA having applications in the biomedical industries, while low MW HA is used in the cosmetics industry. To meet increasing demand, high MW HA is extracted from animal tissues, e.g. rooster comb bovine vitreous humour [15] , and increasingly bacterial fermentation [16] .
Several microorganisms naturally produce a HA capsule that assists the cells to evade mammalian host immune responses. One such bacterial producer of HA is Streptococcus equi subspecies zooepidemicus (S. zooepidemicus) [16] . Native strains of S. zooepidemicus produce a HA capsule that has been used extensively for HA manufacturing. Studies have shown that S. zooepidemicus can produce high MW HA [17] at high yields [18, 19] . Despite numerous studies examining HA production in non-pathogenic heterologous hosts such as B. subtilis [20] , E. coli [21] , L. lactis [22] and others, streptococcal fermentation remains a robust and cost effective platform for HA production.
HA biosynthesis and translocation is performed by the hyaluronan synthase (HAS) [23] , which is expressed from hasA, one of five genes in the has operon of S. zooepidemicus [24] . Studies of HA production have shown that the yield of HA can be manipulated by altering hasA gene expression either by over-expression [17] or via point mutations upstream of the operon [18] . However, the mechanisms underlying MW control are less well understood; however, a positive correlation between HA MW and UDP-GlcNAc concentration has been demonstrated [17] . Since competition between UDP-GlcUA and UDPGlcNAc affects the rate of polymerisation by streptococcal HA synthase [25, 26] , there may be an optimum ratio of the two activated sugars to achieve maximum MW.
Manipulating intracellular concentrations of HA precursors can be achieved either by using alternative carbon sources or by genetic manipulation. Here, we used both approaches to investigate the correlation between intracellular levels of UDP-GlcNAc and HA MW. In the carbon source study, S. zooepidemicus was cultured with either glucosamine (GlcN), or a mixture of glucose (Glc) and GlcNAc, increasing the intracellular concentrations of UDP-GlcNAc. In the genetic engineering approach, strains of S. zooepidemicus were generated that over-express genes involved in the synthesis of UDP-GlcNAc. Analysis of these strains identified a saturation point at which further increases of UDP-GlcNAc no longer resulted in further increases in HA MW. These strategies have provided further insight into the mechanism of HA MW and yield control and may prove useful for achieving high yields and high MW in heterologous hosts which are more desirable for industrial production of HA.
Materials and Methods

Bacterial Strains and Plasmids
The mucoid Group C S. zooepidemicus strain ATCC 35246 was obtained from the American Type Culture Collection (Rockville, MD, USA). Lactococcus lactis MG1363 was used as intermediate hosts for plasmids and cloning. Plasmid pNZ8148 was obtained from the Department of Biophysical Chemistry, NIZO Food Research [27] . The plasmids used in this study are described in Table 1 .
DNA Techniques and Cloning Procedures
Genes involved in the HA pathway of S. zooepidemicus were amplified from the genome using specific primers Table 2 ) and Platinum Taq DNA polymerase (Invitrogen), according to the manufacturer's instructions. The PCR products were purified using the QIAquick PCR purification kit (Qiagen) and cloned into pNZ8148 [27] using standard recombinant DNA techniques. Constructs were confirmed by Sanger DNA sequencing preformed Australian Genome Research Facility (Brisbane, QLD Australia) and used to transform S. zooepidemicus by electroporation using methodology described previously [17] . Transformants were selected on M17G agar plates supplemented with 2.5 lg/mL Cm. All plates were incubated overnight at 37°C.
Growth Media and Cultivation Conditions
All chemicals were purchased from Sigma Aldrich, unless otherwise specified. For routine culturing, L. lactis and S. zooepidemicus were grown in M17 media supplemented with 5 g/L glucose and 5 or 2.5 lg/mL chloramphenicol (Cm) as appropriate. For fermentation studies, a modified chemically defined medium [28, 29] was used which also contained 4.5 g/L of acetate and 50 mg/L of uridine. When carbon source was investigated, glucose, glucosamine, N acetylglucosamine and/or mixtures as indicated in the text were added to the chemically defined media at a final concentration of 20 g/L. When culturing genetically engineered strains, the fermentation medium also contained 2.5 lg/mL Cm for plasmid maintenance and 20 ng/mL of the inducer nisin as appropriate. Growth experiments were conducted in a 2 L bioreactor (Applikon) as described in Chen et al. [17] . Growth was monitored every hour by measuring the optical density at 530 nm. At a minimum, all fermentations were performed in duplicate.
Analytical Measurements
Samples were collected hourly and the optical density measured at 530 nm and converted to biomass using the equation: Biomass (g/L) = OD530 9 0.26 ± 0.01 [30] . The remaining sample was mixed with an equal volume of 0.1 % SDS to remove the HA capsule and filtered through a syringe filter (Millex-GS MSE 0.45 lm) for cell removal. Glucose, GlcNAc, lactate, acetate, formate and ethanol were measured by HPLC, as described elsewhere [31] . GlcN was measured with the GlcNAc described by [32] . The HA concentration was measured using a turbidimetric quantification assay [33] . Intracellular metabolites were measured, as described elsewhere [34] . The MW of the HA samples was measured as a function of the intrinsic viscosity, on a Lauda Processor viscosity measuring system using a method and process described in [17] .
Assay of Enzyme Activities
Cell extracts were harvested as previously described [17] . All enzyme activity measurements were performed in duplicate. Specific activities are expressed as nanomoles of substrate converted into product in 1 min for 1 mg of total cell protein.
The total protein concentration of cell extracts was determined using a commercial kit (DC protein assay; Bio-Rad Laboratories). a-Phosphoglucomutase (Pgm) activity was assayed using a previously described method [35] with the following modification. The reaction mixture contained 179 mM glycylglycine buffer (pH 7.4), 0.67 mM b-NADP, 0.02 mM glucose-1,6-diphosphate, 30 mM MgCl 2 , 0.4 mM DTT, 1 U of glucose 6-phosphate dehydrogenase and cell extract. The reaction was initiated by adding 5.0 mM of a-glucose-1-phosphate. The formation or disappearance of NAD(P)H was monitored by measuring the absorbance at 340 nm (e 340 = 6,220 M -1 cm -1 ). Glucosamine-6-phosphate synthase (GlmS) was assayed with modification from a previously described method [36] that measures the production of glucosamine-6-phosphate from fructose-6-phosphate and glutamine and compared with glucosamine-6-phosphate standards. A unit of activity is defined as the amount of enzyme catalysing the synthesis of 1.0 lM of glucosamine 6-phosphate per hour. Phosphoglucosamine mutase (GlmM) activity was assayed with modification from a previously described method [37] , in which glucosamine-6-phosphate is converted to glucosamine-1-phosphate in the presence of glucose-1,6-diphosphate. The concentration of glucosamine-6-phosphate and glucosamine-1-phosphate (produced) were measured by HPAEC [31] . One unit of enzyme is defined as 1 mg of glucosamine-1-phosphate generated per minute per mg of protein.
RNA Isolation, rRNA Depletion and RNA Sequencing
Total RNA was extracted from 10 mL of cells treated with 0.4 mg/mL hyaluronidase for 10 min prior to harvesting. The cell pellet was resuspended in 1 mL of Tri reagent (Sigma Aldrich) and subjected to three rounds of bead beating (1 min/4800 rpm; Biospec Products) before undergoing extraction with 0.1 vol of BCP (1-bromo-3-chloropropane; Sigma). The RNA was precipitated using isopropanol and resuspended in 90 lL of RNase-free water. The Tri extracted RNA was then subjected to an off-column DNaseI treatment (Promega), 1 U RNAsin (Promega); 1 h 37°C. The RNA was the re-purified using a commercial RNA extraction column (Phenol-free Total RNA Purification Kit, Amresco) including the optional on-column DNaseI treatment. RNA quality was evaluated on a BioAnalyzer 2100 (Algilent). rRNA depletion was performed on 5 lg of total RNA using MicrobExpress (Ambion) and re-purified using a RNA Clean and Concentrator-5 column (Zymo Research). The RNA sequencing library was generated in house from 50 ng of rRNA depleted RNA using the ScriptSeq v2 RNA-Seq Library Preparation Kit (Epicentre). The libraries were then sequenced by the Queensland Centre for Medical Genomics (Institute for Molecular Biosciences, University of Queensland) on an Illumina HiSeq 2500. Reads were aligned to the S. zooepidemicus genome ATCC 35246 (NCBI: CP002904.1; [38] ) using Bowtie [39] and differential expression determined using CuffDiff [40] .
Results
Feeding S. zooepidemicus Glucosamine Increases UDP-GlcNAc but has a Detrimental Effect on HA MW HA MW control during production in microorganisms is generally poorly understood. Previously, we have shown that the intracellular concentration of UDP-GlcNAc is positively correlated with HA MW [17] . To investigate this correlation, we attempted to manipulate UDP-GlcNAc by supplying the media with the amino sugar glucosamine (GlcN). As expected, supplying cells with GlcN as the sole carbon source increased UDP-GlcNAc significantly to 1.91 ± 0.03 g/gDCW (p = 4 9 10 -5 ); however, the pool of UDP-GlcUA was depleted to levels below the limit of detection (Table 3) . Under these conditions, the growth rate, HA yield and biomass yield were similar to those obtained from cultures grown on glucose; however, the MW of HA produced decreased significantly to 1.5 ± 0.1 MDa (p = 0.011).
Mixed Carbon Sources can Increase UDP-GlcNAc and UDP-GlcUA Levels, but does not Increase HA MW It was hypothesised that the decrease in HA MW could be attributed to the decrease in available UDP-GlcUA in the absence of glucose (Glc). To address this, cultures of S. zooepidemicus were first cultured in a mixture of Glc and GlcN; however, we found that this composition of media resulted in bi-phasic growth as a consequence of the sequential metabolism of Glc the GlcN in this system (data not shown). Fortunately, S. zooepidemicus was found to cometabolise Glc and GlcNAc (Fig. 1) . Under these conditions, we observed an increase in the intracellular concentrations of both UDP-GlcNAc and UDP-GlcUA to 1.33 ± 0.03 and 1.24 ± 0.09 g/gDCW, respectively (Table 3) , without effecting growth rate (p = 0.204), HA yield (p = 0.886) or biomass yield (p = 0.080). Despite the increased availability of the UDP precursor sugars, culturing S. zooepidemicus in media containing a 1:1 ratio of Glc and GlcNAc failed to increase the MW of the HA produced (p = 0.129) when compared to glucose as the sole carbon source. This result demonstrates that although there is a correlation between UDP-GlcNAc and HA MW, simply increasing UDP-GlcNAc via the addition of GlcN or GlcNAc to the media is insufficient.
To investigate the impact this feeding strategy had on gene expression, RNA sequencing was performed on midlog samples from Glc and Glc ? GlcNAc fermenters. A Table 3 The effect of different carbon sources on HA MW, growth rate, HA yield, biomass, and intracellular levels of UDP-GlcNAc and UDPGlcUA total of 278 genes were found to be differentially expressed between these two conditions (full list available in the supplementary data) and changes directly involving HA production are described in Fig. 2 . Not surprisingly, the results of the RNAseq analysis indicate that the cometabolism of GlcNAc and Glc leads to an increase in the expression of a putative phosphotransfer system (PTS) IIa component (SeseC_00293, EC 2.7.1.69). Although this enzyme has been assigned to the uptake of N actylmuramate in the NCBI annotation, enzymes belonging to EC 2.7.1.69 are also associated with the uptake of GlcNAc as well as GlcN. Uptake via PTS results in the phosphorylation of the incoming sugar and in addition to the transporter, nagA and nagB, genes involved in processing of GlcNAc-6-P, to Fructose-6-P (F-6-P) via GlcN-6-P were identified as differentially expressed. Notably, expression levels for genes of the has operon, as well as the HA pathway genes pgm, pgi and glmM did not alter upon addition of GlcNAc to the media, despite the accumulation of the UDP precursor sugars. The exception was the expression of glmS (conversion of F-6-P to GlcN-6-P), which actually decreased upon the addition of GlcNAc.
Over-Expression of Genes Encoded Outside the has Operon have Negligible Effects on Molecular Weight
The biosynthetic pathway for streptococcal HA synthesis involves eight genes, of which five are located in the has operon [24] . Previously, our laboratory over-expressed each of the has genes and showed that the over-expression of glmU (hasD) and pgi (hasE) in concert increased the MW of the HA produced as well as the intracellular concentration of UDP-GlcNAc [17] . In this study, we examined the role of the three genes not encoded in the S. zooepidemicus has operon (pgm, glmS and glmM). These genes were cloned into pNZ8148 under the control of a nisin inducible promoter and over-expressed in S. zooepidemicus. Over-expression of each gene was confirmed using enzyme assays and in most cases, over-expression doubled the specific activity of each enzyme when compared to the wild-type cells: Pgm, 1.9 ± 0.5-fold increase; GlmS, 2.1 ± 0.7-fold increase; GlmM, 1.7 ± 0.1-fold increase. Fermentations were characterised in terms of HA MW, HA yield, biomass and growth rate (Fig. 3) . Analysis of these strains identified no significant differences in growth rate, biomass yield or HA MW. However, overexpression of glmM resulted in a 1.5-fold increase in yield (p = 0.031) when compared to the WT.
Over-Expression of Multiple Genes in the UDP-GlcNAc Pathway Increases Intracellular Concentration of UDP-GlcNAc
Previously we observed that the increased UDP-GlcNAc concentration and MW observed in pgi over-expression strains could be further enhanced by the over-expression of glmU though this increase in MW was accompanied with a decrease in HA yield [17] . To determine the extent of the correlation between UDP-GlcNAc concentration and MW, glmS and glmM were also over-expressed in concert with ), respectively (Fig. 4) . However, compared to the strain over-expressing pgi and glmU, there was no significant improvement in MW observed in the strains over-expressing additional genes in the UDP-GlcNAc pathway (p = 0.365) (Fig. 5) .
Although no significant increase in MW was observed in the PSU or PSMU strains, the addition of glmS to the overexpression construct did restore HA yields to pgi levels, while maintaining the increase in biomass yield obtained in the pgi-glmU strain (Fig. 5 ). Further addition of glmM resulted in a significant increase in HA yield (15.1 ± 0.3; p = 0.002) while maintaining biomass yield (Fig. 5) . This simultaneous improvement in HA and biomass yield is not reflected in an overt change in acid production profile, e.g. a shift from lactate to acetate production (data not shown).
To investigate F-6-P as a potential control point, we introduced two copies of pgi on a single pNZ8148 vector. This enhanced over-expression significantly increased availability of UDP-GlcNAc (p = 0.003) with no significant improvement in MW.
Discussion
MW is a Critical Feature of HA
Central to HA biosynthesis is the multifunctional HA synthase (HAS). Enzymes from this family are essential for the production of several highly abundant b-linked polysaccharides such as cellulose, chitin and b-glucan [16] . In S. zooepidemicus the HAS is encoded by hasA and is not only responsible for the glycosyltransferase activity required for polymerisation of both UDP-GlcNAc and UDP-GlcUA, but also for the translocation of hyaluronan across the cell wall [23] . While the mechanisms of elongation are well understood, the mechanisms of termination and hence MW control is not. Indeed, there is still controversy over whether the mechanism of chain termination in the in vitro assays is the same as the mechanism of chain termination in vivo. Hence, in vitro data must be interpreted with great care [41] . Currently, the MW realised in microbial cultures is less than the maximum MW that can be realised through mammalian cultures or extraction from rooster combs. Some work has been done investigating the inherent features of HAS that may dictate MW however mutation studies of HAS have not yet isolated variants that produce HA of a higher MW. Conversely, mutation of conserved cysteine residues in HasA reduces chain length [42] , possibly because these residues contribute to the ability of HasA to retain the chain against the torque exerted by the expanding polymer [42] . An alternative approach to improving HA MW has looked at the role of HA precursor levels.
It is known that the MW of HA produced in streptococcal cultures is greatly affected by culture parameters such as sugar source and oxygen availability [43] , indicating that the availability of resources (energy and carbon) is an important factor in MW control. More recently, we and others have demonstrated that the MW of HA produced in both S. zooepidemicus and L. lactis can be affected by the level of the HA precursor UDP-GlcNAc [17, 44] , presumably because HA polymerisation by HasA can stall or be prematurely terminated if a precursor is depleted. The requirement for excess UDP-GlcNAc may be due to the relative affinity HasA has for UDP-GlcNAc when compared to UDP-GlcUA.
To examine the relationship between UDP-GlcNAc concentration and HA MW we first explored the potential of manipulating the precursor ratio by feeding amino sugars to the culture. When GlcN was used as the sole carbon source with the aim of bypassing the tight control on F-6-P, UDP-GlcNAc levels more than doubled, while the UDP-GlcUA levels fell below the level of detection (Table 3 ). Interestingly, the HA yield remained constant, indicating that the flux through the UDP-GlcUA pathway was maintained. The resulting low HA MW supports the idea that precursor limitation can inhibit MW. To support the production of UDP-GlcUA in GlcN fed cultures, glucose was added, however these conditions resulted in diauxic growth with minimal GlcN consumed, when glucose was available (data not shown). Fortunately, cultures fed a 1:1 mixture of glucose and GlcNAc did not undergo diauxic growth (Fig. 1) . Under these conditions, co-metabolism resulted in a 1.5-fold increase in UDP-GlcNAc levels along with a doubling of UDP-GlcUA levels; however, no substantial increases in MW, HA yield or biomass were observed (Table 3) . One possible explanation is that the simultaneous doubling in UDP-GlcUA levels countered the benefits of higher UDP-GlcNAc concentrations on MW.
RNA sequence analysis confirmed that the addition of GlcNAc to the media did not alter the expression level of the has genes, however upon closer inspection, it was noted that genes involved in the processing of the incoming GlcNAc away from UDP-GlcNAc were over-expressed (Fig. 2) . The expression data implies that while some of the GlcNAc-6-P entering the cell is channelled towards the production of UDP-GlcNAc (as demonstrated by the increase in precursor levels) it is likely that excess GlcNAc-6-P is channelled back into central carbon metabolism. It would also seem that the inferred flux through GlcNAc-6-P, GlcN-6-P and F-6-P caused by excess GlcNAc is insufficient to induce expression of genes involved in UDP-GlcNAc or HA production, and therefore do not serve as regulatory control points in the production of HA.
Unlike the feeding strategy employed in this study, the over-expression of genes involved in UDP-GlcNAc production, specifically pgi and glmU have a demonstrated role in MW control [17] . To extend this study, glmS and glmM, which are not encoded in the has operon, were overexpressed in the same system. In this case, genes involved in UDP-GlcNAc synthesis did not significantly alter HA MW, growth rate or biomass and only GlmM was able to significantly increase HA yield (Fig. 3) . This observation suggests that increasing F-6-P levels (pgi) and capturing F-6-P in the amino sugar pathway (glmS) are essential to increase the UDP-GlcNAc concentration and therefore MW.
Sequential overexpression of genes involved in the synthesis of UDP-GlcNAc was also studied. Similar to the overexpression of other genes, i.e. hasA, hasB and hasC, involved in the UDP-GlcUA pathway, overexpression of pgm did not increase the MW of HA produced (2.3 ± 0.1 MDa) (Fig. 3) relative to the plasmid control. This is in agreement with previous reports where overexpression of Pgm had no significant effect on exopolysaccharide production in glucose-growing cells while Pgm-deficient mutants were unable to grow on glucose [45] .
Simultaneously overexpressing glmS or glmS and glmM with pgi and glmU significantly increased UDP-GlcNAc levels (Fig. 5 ). This increase, however, led to only a marginal increase in MW (Fig. 5) . Similarly, the introduction of two additional copies of pgi significantly increased availability of UDP-GlcNAc (p = 0.003) with no significant improvement in MW (data not shown). Thus, it appears that the strong correlation we previously observed between UDP-GlcNAc concentration and MW [17] is only valid up to a certain level or alternatively that the balance between UDP-GlcNAc and UDP-GlcUA becomes more important at this critical concentration.
Manipulation of UDP sugar levels using gene overexpression or amino sugars had minimal impact on growth rate, while some variation was observed in the yields of HA and biomass. It is not uncommon for increases in HA yield to be associated with a decrease in biomass however this association is not necessarily related to MW [17] . It is hypothesised that after meeting energy requirements through lactic acid production, HA and biomass competed for the remaining carbon. As the growth rate was approximately constant in all strains tested, the individual constructs appear to have a subtle impact on increasing HAS activity or lowering the rate of HA biosynthesis. This inverse pattern was repeated for the glmS over-expressing strains; on its own glmS over-expression had no effect on HA and biomass yield, while over-expression together with pgi and glmU resulted in marginally higher HA and lower biomass yield. The glmM over-expressing strains, however, show a significant increase in HA yield (50 % higher than WT) as well as a significantly higher biomass yield (10-15 % increase) (Figs. 3, 5 ). This simultaneous improvement in HA and biomass yield is not reflected in an over change in acid production profile, e.g. a shift from lactate to acetate production (data not shown). Since the pattern was reproducible in four fermentations and carbon balances were closed, this indicates that over-expression of glmM somehow reduces energy requirements or increases catabolism of other substrates in the medium (e.g. amino acids). Further analysis is required to resolve this issue.
This study aims to contribute to the continued understanding of HA MW control. While UDP-GlcNAc and MW are strongly correlated [17] , when an upper limit is reached, this association may be replaced by other dominant factor(s). Further studies using strains overexpressing alternative hasA (e.g. from Pasteurella multocida) are required to establish if this co-metabolism system can be used to explore the full range of UDP-sugar concentrations and ratios and their effect on MW. Knowledge of other dominant factors that come into play, i.e. resource availability, the involvement of HAS in MW control are crucial for further understanding of HA MW control.
